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This study investigated the sorption behavior and removal efficiency of virgin 

polypropylene (PPV) and aged polypropylene (PPA) microplastics using bamboo biochar 

(BBC) and rice husk ash (RHA) in aqueous solution. The physicochemical properties and 

surface morphology of PPA, BBC, and RHA were characterized via scanning electron 

microscopy (SEM), Brunauer-Emmett-Teller (BET) surface area analysis, X-ray 

fluorescence (XRF), Fourier transform infrared (FTIR) spectroscopy, and X-ray 

diffraction (XRD). Furthermore, batch adsorption kinetic and isotherm experiments were 

conducted. The pH of the point of zero charge (pHₚzc) of PPV (5.45), BBC (8.05), and 

RHA (9.7) indicated that PPV surfaces show a net negative charge, whereas BBC and 

RHA exhibit net positive charges at neutral pH, promoting different electrostatic 

mechanisms between polypropylene microplastics and the adsorbents. PPA exhibited a 

higher removal efficiency than PPV, likely due to aging in surface water that induced 

surface modifications. Kinetic analysis revealed that PPV and PPA adsorption onto BBC 

follows a pseudo-second-order (PSO) model (R2=0.887-0.944), suggesting chemisorption 

as the dominant mechanism, with similar rate constants (k2=0.002 g/mg min). In contrast, 

PPV and PPA sorption by RHA was best described by a pseudo-first-order (PFO) model 

(R2=0.876-0.966), indicating physisorption as the primary mechanism, with a higher 

kinetic rate for PPA (k1=0.145 min-1) compared to PPV (k1=0.078 min-1). Equilibrium was 

achieved within 24 h for both PPV and PPA. In addition, the adsorption isotherms of PPV 

and PPA on both BBC and RHA aligned well with the Freundlich model (R2=0.984-

0.993), indicating multilayer adsorption on heterogeneous surfaces. Overall, these 

findings demonstrate that BBC and RHA exhibit distinct sorption mechanisms toward 

polypropylene microplastics, with BBC favoring chemisorption and exhibiting a higher 

affinity for aged particles, while RHA primarily facilitates physisorption. Aging plays a 

key role in modifying microplastic surfaces, thereby enhancing the sorption behavior and 

removal performance. 
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HIGHLIGHTS 

 Surface-water aging improved PPA removal by BBC, with limited effects on RHA.

 PPA showed faster PFO kinetics than PPV with RHA, but similar PSO kinetics with BBC.

 BBC favored chemisorption, while RHA exhibited physisorption.

 Freundlich isotherm best described PPV and PPA removal by both BBC and RHA.

 PPA showed lower Freundlich KF values than PPV, indicating altered isotherm behavior.

1. INTRODUCTION

Microplastics, defined as plastic particles 

smaller than 5 mm, are currently recognized as one of 

the most prevalent contaminants in aquatic 

environments, displaying an ever-increasing presence 

(Yang et al., 2021). Their low density allows them to 

remain suspended or float, facilitating their 

widespread distribution in water systems (Naqash et 
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al., 2020). Moreover, they can release toxic additives 

and act as carriers for hazardous substances, such as 

persistent organic pollutants, endocrine-disrupting 

chemicals, and heavy metals, posing significant risks 

to aquatic organisms and food webs (Amelia et al., 

2021; Maocai et al., 2021; Vorakarnchanabun et al., 

2026). 

Adsorption has emerged as a promising and 

cost-effective approach for microplastic removal. In 

recent years, biochar derived from agricultural 

biomass has attracted attention, given its porous 

structure, high surface area, and abundant functional 

groups (Wang et al., 2020a).  

Previous studies have demonstrated the 

increasing use of biomass-derived materials and 

industrial by-products, particularly bamboo biochar 

(BBC) and rice husk ash (RHA), as effective media for 

microplastic removal from water via multiple 

mechanisms. According to Wang et al. (2020b), biochar 

derived from corn straw and hardwood achieved high 

removal efficiencies (>90-95%) for polystyrene 

microplastic particles, primarily via filtration and 

physical immobilization mechanisms, including surface 

attachment, pore trapping, and entanglement. Similarly, 

Shi et al. (2023a) reported a removal efficiency of 

67.4% for polystyrene using cetyltrimethylammonium 

bromide-modified magnetic biochar, where 

hydrophobic interactions and electrostatic adsorption 

were identified as the dominant mechanisms. In 

addition, ball-milled pinewood biochar has 

demonstrated an enhanced removal performance, 

achieving up to 95.2% removal of aminated polystyrene 

nanoplastics, given its increased surface area and 

surface reactivity (Shi et al., 2023b). Wu et al. (2022) 

reported that rice husk-derived magnetic biochar 

achieved removal efficiencies of up to 99.96% for 

microplastics under acidic conditions, where 

electrostatic interactions and reduced competition from 

anions contributed to the high removal efficiency. 

Furthermore, Bongchompho et al. (2024) observed that 

both bottom ash and fly ash exhibited higher removal 

efficiencies for polypropylene (PP) and polyethylene, 

particularly for smaller particle sizes (50-75 µm), 

highlighting the significant influence of particle size on 

adsorption behavior. 

Nevertheless, despite such advances, several 

research gaps remain. Most previous studies have 

focused on a single type of biochar or microplastic, with 

limited comparative evaluations of biomass-derived 

adsorbents under similar conditions. Moreover, the 

effect of microplastic aging on adsorption behavior has 

not been systematically investigated. Environmental 

aging alters the surface properties of microplastics, 

which can significantly affect their adsorption behavior. 

Therefore, investigating aged microplastics is essential 

to better represent environmental conditions. 

Furthermore, research on the mechanisms governing 

the removal of virgin polypropylene (PPV) and aged 

polypropylene (PPA) microplastics, particularly using 

low-cost materials such as BBC and RHA, is limited. 

PP microplastics are among the most prevalent and 

persistent plastics in aquatic environments (Eriksen et 

al., 2014); thus, their removal via sustainable 

adsorbents is vital. Therefore, this study aimed to 

investigate the sorption behavior and removal 

performance of PPV and PPA using BBC and RHA in 

aqueous solution, focusing on the adsorption kinetics, 

isotherms, and underlying mechanisms. 

  

2. METHODOLOGY  
2.1 Materials and chemical reagents 

In the presentation of PPV and PPA, PP powder 

(Merck Limited, Bangkok, Thailand) was first sieved 

to 0.05-0.30 mm using US standard mesh sieves 

(numbers 50 and 270). The PP was then aged with 

surface water for 0 and 3 weeks to obtain PPV and 

PPA, respectively. Aging was conducted at 30±2°C 

under UVA irradiation (320-360 nm, peak at 340 nm) 

using a 12 h light/12 h dark cycle and agitation at 200 

rpm. After aging, the samples were rinsed with 

deionized (DI) water, dried at 60°C for 24 h, and 

stored in desiccators.  

Regarding BBC and RHA, BBC was produced 

from bamboo (Nonthaburi, Thailand) via pyrolysis in 

a Japanese kiln (Iwate kiln) at 1,000°C for 15 days, 

while RHA was procured from a biomass power plant 

in Surin Province, Thailand, operating at 65 bar and 

480°C. Both materials were sieved to 0.25-1.00 mm, 

washed with DI water to achieve a neutral pH, dried at 

60°C for 24 h, and stored in desiccators prior to use. 

Analytical-grade chemical reagents, including 

potassium nitrate (KNO3, 0.1 M), nitric acid (HNO3, 

0.1 N), and sodium hydroxide (NaOH, 0.1 N), were 

used for solution preparation and pH adjustment. 

 

2.2 Characterization of PP, BBC, and RHA 

Surface morphologies and elemental 

compositions were analyzed using scanning electron 

microscopy with energy dispersive spectroscopy 

(SEM-EDS; Phenom ProX, Thermo Fisher Scientific, 

USA). The samples were mounted on carbon tape, 

sputter-coated with gold (20 mA, 1 min), and 
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examined at an accelerating voltage of 30 kV. The 

surface area, pore volume, and pore diameter were 

determined via the Brunauer-Emmett-Teller (BET) 

method (Autosorb iQ-C-AG, Quantachrome 

Instrument, USA) using N2 adsorption-desorption 

analysis. Elemental compositions were determined via 

X-ray fluorescence (XRF) spectrometry (XUV 773, 

Fischer, Germany), and surface functional groups 

were characterized using Fourier transform infrared 

(FTIR) spectroscopy (Nicolet 6700, Thermo 

Scientific, USA) over a wave number range of 4,000-

400 cm-1, with 50 scans taken at a resolution of            2 

cm-1. Mineralogical compositions and crystallinities 

were determined via X-ray diffraction (XRD; Rigaku, 

Smart Lab SE, Japan) over a 2θ range of 5°-60°. These 

properties were then used to interpret the adsorption 

behavior of the materials. 

 

2.3 pH at point of zero charge (pHpzc)  

The pHpzc of PPV, PPA, BBC, and RHA was 

determined using the solid addition method (Al-

Maliky et al., 2021). A 0.1 M KNO3 electrolyte 

solution (45 mL) was prepared, and the initial pH was 

adjusted to 2.0-12.0 using 0.1 N HNO3 and/or 0.1 N 

NaOH before adjusting the final volume to 50 mL. 

Each sample (1 g) was then added to the solution, 

followed by agitation at 120 rpm for 48 h. The final 

pH was measured, and the pHpzc was determined from 

the intersection of the initial and final pH curves 

(Khandaker et al., 2018; Jawad et al., 2020). 

 

2.4 Adsorption kinetics and isotherms 

Analysis of the adsorption kinetics of PPV and 

PPA using BBC and RHA was conducted in 1,000-mL 

volumetric flasks. Each solution contained 10 mg/L of 

PPV or PPA and an adsorbent dosage (BBC or RHA) 

of 4 g/L. The experiments were performed at 150 rpm 

and 30±2°C, with an initial pH of 7.0±0.1. Further, all 

experiments were conducted in duplicate, and aliquots 

were collected at 0, 5, 15, 30, 60, 120, 480, 1,440, 

2,880, and 4,320 min (Alavijeh et al., 2019).  

The adsorption isotherms were evaluated using 

initial PPV and PPA concentrations ranging from 3 to 

100 mg/L. Each 50-mL bottle contained 0.2 g of 

adsorbent (equivalent to 4 g/L), and the experimental 

conditions were maintained as described above. The 

equilibrium time obtained from the adsorption kinetic 

studies was used in the adsorption isotherm 

experiments.  

The PP concentrations were analyzed using a 

gas chromatography-mass spectrometry (GC-MS) 

instrument (Clarus 690 coupled with Clarus SQ8T, 

PerkinElmer, USA) equipped with a headspace 

sampler. Separation was achieved on a capillary 

column (i.d.=0.25 mm, film thickness=0.25 µm), 

using helium at 1.5 mL/min as the carrier gas. The 

injector temperature was set to 250°C, and the oven 

temperature was programmed from 40°C (2 min) to 

300°C (2 min), with a total run time of 30 min. The 

mass spectrometer was operated under electron 

ionization at 70 eV, with interface and source 

temperatures of 150 and 230°C, respectively. The 

headspace system (TurboMatrix 40) was operated at 

200°C with a transfer line temperature of 210°C. The 

detected mass range was m/z=30-600 (Santos et al., 

2023), and the characteristic PP fragment at m/z=111 

(retention time=11.95-11.97 min) was used for 

quantification based on a five-point calibration curve. 

The adsorption kinetics were modeled using pseudo-

first-order (PFO) and pseudo-second-order (PSO) 

models, while the adsorption isotherms were 

described using the Langmuir and Freundlich models 

to interpret the adsorption mechanisms, as given by 

Equations 1-4 in Table 1. The model parameters were 

determined via linear regression using Microsoft 

Excel, with R2 used to evaluate the goodness of fit. 

 
Table 1. Adsorption kinetics and isotherm model equations (Shafiq et al., 2021)

 

Model Linear form Non-linear form 

Kinetics   

PFO 
log(qe − qt) = logqe −

k1

2.303
t 

qt  = qe(1 −  exp(−k1t)) (1) 

PSO t

qt
=

1

k2qe
2 

+
1

qe
t  qt =  

qe
  2k2t 

qek2t+1
    (2) 

Isotherms   

Langmuir 1

qe
=

1

qm
+ (

1

qmKL
)

1

Ce
 qe =

qmKLCe

(1+ KLCe)
   (3) 

Freundlich 
logqe = logKF +  

1

n
logCe qe =  KFCe

1/n   (4) 
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3. RESULTS AND DISCUSSION 

3.1 Material characterization 
Figures 1(a) and 1(b) show SEM images of PPV 

and PPA, respectively, which exhibit particle sizes of 

100-200 µm. The SEM images in Figures 1(c) and  

1(d) reveal that BBC and RHA exhibit irregular and 

highly porous surface morphologies, with mesopores 

structures (2-50 nm) (Table 2), and honeycomb-like 

and cylindrical configurations (Farhana et al., 2018). 

These structural features are typically associated with 

high surface areas and pore volumes, which are 

advantageous for adsorption processes. 

Table 2 presents the physicochemical 

characteristics of PPV, BBC, and RHA. PPV exhibits 

the lowest specific surface area (2.42 m2/g), with a 

negligible pore volume (0.0005 cm3/g) and an   

average pore diameter of 0.8113 nm, indicating a 

predominantly microporous structure (<2 nm) with 

limited active sites. BBC displays the highest surface 

area (136.02 m2/g) and pore volume (0.0387 cm3/g), 

with a larger average pore diameter (4.7543 nm), 

suggesting a well-developed mesoporous structure (2-

50 nm). RHA also exhibits a relatively high surface 

area (103.05 m2/g) and pore volume (0.0374 cm3/g), 

with an average pore diameter of 2.5903 nm, 

indicating its porous structure. The pore size 

distribution analysis confirmed that BBC and RHA are 

predominantly mesoporous materials (2-50 nm), 

whereas PPV is largely microporous (<2 nm; Leng et 

al., 2021; Fahmi et al., 2018). The higher surface area 

and well-developed porosity of BBC and RHA 

provide abundant active sites and promote physical 

entrapment and surface interactions, thereby 

enhancing the adsorption performance (Elnour et al., 

2019; Leng et al., 2021; Wang et al., 2020a).

 

 
 
Figure 1. SEM analysis of (a) PPV, (b) PPA, (c) BBC, and (d) RHA 

 

The XRF analysis revealed distinct mineral 

compositions, with BBC dominated by potassium 

oxide (K2O) and RHA primarily composed of silicon 

dioxide (SiO2), both of which influence the surface 

charge behavior and active site development (Rahmat, 

2022). BBC provides heterogeneous and energetically 

favorable sites for PP adsorption via hydrophobic 

interactions, van der Waals forces, and electrostatic 

attraction, which are further enhanced by the aging-

induced surface modifications of PP (Huang et al., 
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2024). In contrast, RHA shows fewer reactive sites; 

thus, adsorption is mainly governed by physical 

entrapment and weaker surface interactions. Figure 2 

presents the FTIR spectra of BBC and RHA, revealing 

oxygen-containing functional groups, including the 

disappearance of broad O-H stretching bands and the 

presence of a characteristic Si-O-Si peak for RHA. 

These mineral components may support surface 

interactions and adsorption processes (Li et al., 2021).  

 
Table 2. Physical and chemical properties of PPV, BBC, and RHA 

 

Properties PPV BBC RHA 

BET surface area (m2/g) 2.42 136.02 103.05 

Pore volume (cm3/g) 0.0005 0.0387 0.0374 

Adsorption average pore diameter (nm) 0.8113 4.7543 2.5903 

XRF composition (wt.%)    

Silicon dioxide (SiO2) 6.51 4.42 83.50 

Potassium oxide (K2O) - 67.7 5.44 

Calcium oxide (CaO) 8.37 8.33 3.46 

Phosphorus pentoxide (P2O5) 10.70 3.78 2.66 

Aluminum oxide (Al2O3) 6.95 0.47 0.89 

Iron oxide (Fe2O3) 10.6 1.31 0.50 

Copper(II) oxide (CuO) 4.74 0.54 0.01 

 

 
 
Figure 2. FTIR spectra of BBC and RHA 

 

BBC (Figure 3(a)) exhibits a predominantly 

amorphous carbon structure with embedded 

crystalline mineral phases, including quartz (SiO2) and 

calcite (CaCO3). The amorphous carbon structure may 

provide abundant reactive surface sites that contribute 

to adsorption (Xiao et al., 2018; Chen et al., 2018). In 

contrast, RHA (Figure 3(b)) displays sharp and intense 

peaks dominated by crystalline SiO2, reflecting a 

higher degree of crystallinity. The amorphous carbon 

matrix of BBC provides more chemically active sites; 

on the other hand, the crystalline structure of RHA is 

more rigid but offers fewer reactive sites. Similar 

observations have been made in previous studies, with 

carbon-rich biochars exhibiting an enhanced 

adsorption performance due to abundant surface 

defects and functional groups (Meng et al., 2024; 

Bolan et al., 2023). 
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Figure 3. XRD analysis of (a) BBC and (b) RHA 

 

These compositional and functional properties 

suggest that BBC and RHA possess abundant surface 

active sites that enhance their affinity for hydrophobic 

PP microplastics. Oxygen-containing functional 

groups promote hydrogen bonding and van der Waals 

interactions (Ji et al., 2024), while silica- and metal-

containing mineral phases increase the surface 

heterogeneity and facilitate microplastic attachment 

via electrostatic and hydrophobic interactions (Gole et 

al., 2024). The combined presence of oxygenated 

functional groups, alkali and alkaline earth metals, and 

silica-rich mineral phases, as confirmed by XRF and 

FTIR spectroscopy, plays a crucial role in PP 

adsorption onto BBC and RHA in aquatic systems. 

The mesoporous structure and high surface area of 

BBC further enhance the adsorption capacity, while 

the fibrous and mineral-rich surface of RHA 

contributes via mechanisms such as physical 

entrapment, van der Waals forces, hydrophobic 

interactions, and surface adhesion (Elnour et al., 2019; 

Li et al., 2024; Gole et al., 2024; Dang et al., 2025). 

Studies have reported that environmental aging 

introduces oxygen-containing functional groups onto 

PP surfaces, thereby increasing their surface reactivity 

(Bhagat et al., 2022). These surface modifications may 

promote stronger interactions with the oxygen-

containing active sites of BBC via hydrogen bonding 

and van der Waals interactions, which may explain the 

higher adsorption affinity of PPA observed in this 

study (Ji et al., 2024). 

As shown in Figure 4, the pHpzc values obtained 

for PPV, PPA, BBC, and RHA are 5.45, 4.9, 8.05, and 

9.7, respectively, indicating distinct surface charge 

behaviors consistent with previous studies. BBC 

typically exhibits pHpzc values of 7.2-8.3 due to its 

alkaline surface (Elnour et al., 2019), while untreated 

RHA typically shows higher pHpzc values around 9.5-

9.8, associated with its silica-rich composition and 

alkaline oxides (Li et al., 2024). In contrast, PPV 

usually exhibits lower pHpzc values, commonly 

reported as falling between 4.2 and 4.6 (Liu et al., 

2021), indicating a negatively charged surface under 

neutral pH conditions. 
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Figure 4. pH of point of zero charge (pHpzc) of PPV, PPA, BBC, and RHA 

 

These differences suggest that at neutral pH, 

PPV and PPA surfaces are negatively charged while 

BBC and RHA are positively charged, promoting 

electrostatic attraction and enhancing PP adsorption. 

Similar interactions have been reported as key 

mechanisms in microplastic-biochar systems (Kumar 

et al., 2023). The relatively high pHpzc values, 

combined with the porous structure and high surface 

area of BBC and RHA, contribute to an improved 

adsorption performance. 
 

3.2 Adsorption kinetics and isotherms 

3.2.1 Adsorption kinetics 

The adsorption kinetics were investigated to 

assess the effect of contact time on PPV and PPA 

sorption onto BBC and RHA, fitting PFO and PSO 

models to the kinetic data (Tables 3 and 4).  

 
Table 3. Adsorption kinetics rate constants of PFO and PSO models for PPV and PPA adsorption by BBC 

 

Model  PPV PPA 

PFO k1 (min-1) 0.125 0.066 

 Qe (mg/g) 38.45 48.45 

 R2 0.876 0.906 

PSO k2 (g/mg min) 0.002 0.002 

 Qe (mg/g) 63.96 70.40 

 R2 0.887 0.944 

 
Table 4. Adsorption kinetics rate constants of PFO and PSO models for PPV and PPA adsorption by RHA 

 

Model  PPV PPA 

PFO k1 (min-1) 0.078 0.145 

 Qe (mg/g) 34.56 34.56 

 R2 0.876 0.966 

PSO k2 (g/mg min) 0.002 0.003 

 Qe (mg/g) 54.14 44.45 

 R2 0.807 0.937 

 

The kinetic analysis revealed the distinct 

adsorption behaviors of PP on BBC and RHA, (Figure 

5). Adsorption on RHA is best described by the PFO 

model, particularly regarding the adsorption of PPA 

(R2=0.966), indicating that physisorption dominates the 

process. Similar equilibrium adsorption capacities 

(Qe=34.56 mg/g) for PPV and PPA suggest that 

polymer aging has a limited influence on PP uptake by 

RHA. This behavior is consistent with previous studies 

reporting that silica-rich materials tend to follow PFO 
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kinetics, where adsorption is governed by surface 

diffusion and weak physical interactions rather than 

chemical bonding (Nandiyanto et al., 2024). In contrast, 

adsorption on BBC follows the PSO model, with PPA 

adsorption showing a higher R2 value (0.944) and 

greater Qe (70.40 mg/g) than PPV adsorption (63.96 

mg/g); this demonstrates that aging enhances PP 

adsorption on BBC. These findings agree with previous 

studies indicating that microplastic adsorption onto 

biochar is typically better described by PSO models, 

reflecting chemisorption and surface-controlled 

processes being driven by functional groups, active 

sites, and micropore-driven mass transfer (Dang et al., 

2025; Cairns et al., 2024). Similar trends have also been 

reported for carbonaceous adsorbents, where a higher 

surface reactivity promotes stronger interactions with 

polymer surfaces (Wu et al., 2023).  

The rate constant analysis further supports these 

trends. For RHA, PPA shows a higher k1 than PPV, 

indicating a faster initial uptake without a significant 

increase in the adsorption capacity; this is 

characteristic of physisorption-controlled systems. 

Regarding BBC, a higher k2 for PPA confirms that 

aging improves both the adsorption rate and capacity. 

These results highlight that PP adsorption on RHA is 

dominated by physisorption with a low sensitivity to 

aging, whereas BBC benefits significantly from 

polymer aging due to its chemically active surface 

(Bhagat et al., 2022). 

The greater sorption affinity of PPA compared 

with PPV observed herein is consistent with previous 

evidence indicating that environmental aging enhances 

the abundance of oxygen-containing functional groups 

and increases surface polarity (Mohsenzadeh et al., 

2025; Liang et al., 2023). These physicochemical 

changes promote stronger intermolecular interactions, 

such as hydrogen bonding, electrostatic attraction, and 

van der Waals forces, thereby enhancing the adsorption 

capacity. Comparable enhancements in the adsorption 

performance following polymer aging have also been 

reported for the interactions of polyethylene and 

polystyrene microplastics with biochar and other 

carbon-based materials (Wang et al., 2020a; Wu et al., 

2023). 

BBC exhibits higher adsorption capacities than 

RHA, which can be attributed to its larger surface area, 

well-developed mesoporous structure, and richer 

surface functional groups. In contrast, the stronger 

PFO model fitting for RHA suggests that 

physisorption is dominant due to its more limited 

functional groups and pore accessibility, similar to 

other silica-rich adsorbents (Nandiyanto et al., 2024).  

 

 
 

Figure 5. Linear fittings of (a) PFO and (b) PSO kinetic models and nonlinear fittings of (c) PFO and (d) PSO models for PPV and PPA 

adsorption on BBC and RHA 



Vorakarnchanabun N et al. / Environment and Natural Resources Journal 2027; 25(X): xx-xx 

3.2.2 Adsorption isotherms 

The adsorption isotherms were analyzed to 

describe the equilibrium sorption behavior of PPV and 

PPA on BBC and RHA. The Langmuir and Freundlich 

isotherm models were fitted to the experimental data, as 

show in Figure 6 and summarized in Tables 5 and 6.  

The Langmuir maximum adsorption capacity 

(Qm=26.946-29.09 mg/g) is highest for the BBC-PPA 

system, suggesting that BBC provides a greater 

density of energetically favorable sorption sites 

relative to RHA. The elevated Qm value for BBC is 

consistent with its well-developed mesoporous 

structure and the presence of aromatic and oxygen-

containing functional groups, which enhance 

hydrophobic and π-π interactions with the PP surfaces 

(Liu et al., 2021). The Langmuir constants (KL=0.303-

0.408 L/mg) further suggest a moderate to strong 

adsorption affinity, although with relatively lower R2 

values of 0.722-0.821; this implies that monolayer 

adsorption may occur, though other adsorption 

mechanisms may also contribute. Similar behavior has 

been reported for microplastic adsorption onto biochar 

and activated carbon materials, where the observed 

Langmuir fitting is often accompanied by additional 

mechanisms, such as pore filling and surface 

heterogeneity (Wu et al., 2023; Ji et al., 2024; Wang 

et al., 2020b). 

 
Table 5. Adsorption isotherm parameters of the Langmuir and Freundlich models for PPV and PPA adsorption by BBC 

 

Model  PPV PPA 

Langmuir KL (L/mg) 0.342 0.303 

 Qm (mg/g) 28.41 29.09 

 R2 0.738 0.722 

Freundlich KF (mg/g (L/mg)1/n) 6.112 5.810 

 n 1.691 1.635 

 R2 0.990 0.993 

 
Table 6. Adsorption isotherm parameters of the Langmuir and Freundlich models for PPV and PPA adsorption by RHA 

 

Model  PPV PPA 

Langmuir KL (L/mg) 0.408 0.370 

 Qm (mg/g) 26.95 28.12 

 R2 0.809 0.821 

Freundlich KF (mg/g (L/mg)1/n) 6.416 6.294 

 n 1.607 1.552 

 R2 0.984 0.989 

 

The Freundlich adsorption constants (n=1.550-

1.691) indicate favorable adsorption and suggest that 

the adsorption process occurs on heterogeneous 

surfaces. This is consistent with previous findings 

highlighting the tendency of microplastics to show 

multilayer accumulation on rough and chemically 

diverse biochar surfaces (Meng et al., 2024). BBC and 

RHA yield high KF values of 5.81-6.416 mg/g 

(L/mg)1/n, indicating their significant sorption 

capacity, given their porous structures and surface 

functional groups. The Freundlich model provides the 

best description of equilibrium behavior for both BBC 

and RHA (R2=0.984-0.993), confirming that 

multilayer adsorption dominates the system. These 

results suggest that BBC and RHA possess 

heterogeneous surfaces with a wide distribution of 

adsorption energies. Similar behavior has been 

reported for biochar-based systems, where surface 

heterogeneity and pore complexity enhance the 

microplastic adsorption performance (Liu et al., 2021; 

Wu et al., 2023).  

Notably, PPA exhibits a slightly higher 

adsorption capacity than PPV, particularly in the BBC 

system, indicating that polymer aging enhances the 

adsorption performance. This can be attributed to 

aging-induced surface oxidation; this increases the 

abundance of oxygen-containing functional groups 

and the surface polarity, promoting stronger 

intermolecular interactions, such as hydrogen 

bonding, electrostatic attraction, and van der Waals 

forces. Similar enhancements in the adsorption 

behavior of aged microplastics have been previously 

reported, where surface modification improves the 
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affinity toward carbonaceous adsorbents (Liang et al., 

2023; Wang et al., 2020a). 

Both the Langmuir and Freundlich isotherm 

models adequately describe the sorption behavior of 

PP onto BBC and RHA. However, the Freundlich 

model provides a better fit, indicating the dominance 

of heterogeneous and multilayer adsorption. The 

higher adsorption performance of BBC compared with 

RHA can be attributed to its higher surface area and 

larger pore volume (Table 2). This observation agrees 

with previous studies showing that the efficiency of 

adsorption is strongly governed by surface chemistry 

and pore accessibility, particularly for carbon-rich 

adsorbents, where hydrophobic and π-π interactions 

and binding to surface functional groups play key roles 

(Wang et al., 2020a; Wu et al., 2023). In contrast, the 

relatively lower performance of RHA suggests that 

silica-dominated materials show a greater reliance on 

weaker surface interactions, such as van der Waals 

forces and physical entrapment, due to limited active 

sites. Silica-based adsorbents exhibit similar behavior, 

where adsorption is mainly governed by physisorption 

and surface heterogeneity (Nandiyanto et al., 2024; 

Feng et al., 2025). These findings indicate that 

microplastic adsorption is controlled by the combined 

effects of surface functionality, pore structure, and 

interaction mechanisms. 

 

 
 
Figure 6. Linear fittings of (a) Langmuir and (b) Freundlich isotherm models and nonlinear fittings of (c) Langmuir and (d) Freundlich 

models for PPV and PPA adsorption on BBC and RHA 

 

4. CONCLUSION  

This study demonstrates that BBC and RHA 

exhibit distinct sorption behaviors toward PPV and 

PPA. The higher removal performance of PPA 

compared to PPV is attributed to surface oxidation, 

increased heterogeneity, and the presence of oxygen-

containing functional groups, which enhance sorption 

interactions. The kinetic analysis revealed that 

adsorption onto BBC follows the PSO model, 

indicating chemisorption mechanisms involving 

surface complexation and interfacial interactions. On 

the other hand, adsorption onto RHA was better 

described by the PFO model, suggesting physisorption 

governed by its silica-rich composition and limited 

functional groups. The isotherm analysis showed that 

both the Langmuir and Freundlich models adequately 

describe the adsorption behavior, with the Freundlich 

model providing a better fit, indicating heterogeneous 
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and multilayer adsorption. BBC exhibited a higher 

adsorption capacity and affinity compared to RHA due 

to its well-developed pore structure and abundant 

surface functional groups. 

Overall, BBC demonstrated a superior 

performance for microplastic removal, particularly for 

aged PP, while RHA showed a moderate performance 

dominated by physical interactions. These findings 

highlight the potential of agricultural waste-derived 

adsorbents for microplastic remediation. Future 

studies should focus on regeneration and long-term 

stability and performance under realistic 

environmental conditions to support large-scale 

applications. 
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